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ABSTRACT

The initial processing and analysis of radar backscatter data,
recorded off the coast of San Juan, Puerto Rico, in July 1965, have
been completed. Thia data constituted part of a study conducted
in conjunction w'Ith the Applied Physics Laboratory (APL) of Johns
HopIdna University to determine the scattering mechanism involved
In the generation of sea clutter. The NRL WV-2 instrumented air-
crdt with its four-frequency, pulsed radar system and a surface

S..vesse 1  n•. s staffed by APL to gather sea-surface data in the
form of stereophotographs and wave-buoy measurements were used
In this experiment.

Radar returns were collected nearly simultaneously on four fre-
- 'quencies: 428 MHz, 1228 MHz, 4455 MHz, 8910 MHz, for both

linear and cross polarizations. The data were processed to obtain
the normalized radar cross section 0o of the sea surface as a func-
tion of various parameters. In particular, the behavior of the
median value of the cross section o. was investigated as a function
of wind direction, incident angle, polarization, radar wavelength,
and gross curface conditions of wind velocity and wave height. Re-
sults are given for the upwind direction and the linear nolarization
(vertical and horizontal). The polarization ratio is shown to decrease
with increasing sea roughiaess and to be a function of radar wave-
length. As surface roughness increases, ao becomes independent
of wavelength for vertical polarization but maintains an inverse wave-
length dependence for horizontal polarization. The results given pro-
vide estimates of v0 as a function of the above parameters over an
angular range of 4 tu 9r degrees (vertical incidence) and irom calm
sea conditions to moderately rough conditions characterized by 5- to
7-foot wave heights and 10- to 20-knot winds.

PROBLEM STATUS

This Is an interim report on this problem.
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SEA-CLUTTER MEASUREMENTS ON FOUR FREQUENCIES

: INTRODUCTION

A quantitative description of radar sea clutter has long been sought, first, by the
radar designer who must predict system performance in terms of detection probabilities
of targets In a clutter background and, second, by the oceanographer who would like to
estimate surface characteristics from the radar return. In the first case, the designer
would reduce the effect of clutter on the target return. In the second case, the clutter
itself Is wanted as an Indicator of the environment. In both cases, a useful measuremem
is the absolute magnitude of the clutter power, as expressed by the normalized radar
cross section g0 introduced by Goldstein (1). The parameter go is a dimensionless
quantity, which may be made relatively independent of the measuring system. To date,

-- many measurements of g0 or an equivalent quantity have been made with vu'lous radar
systems over a wide range of sea conditions (2). A study of the literature will show
that, despite extensive investigations, comparisons of a. values obtained from different
experimenters result in inconsistencies. These inconsistencies are mainly the result
of difficulties involved in the comparison of data taken with different syatems and call-
bration techniques for different surface conditions.

In the past, sea-clutter data have been obtained at various radar wavelengths by
using individual radar systems, each requiring a separate calibration. Furthermore,
each system has employed a specific sampling and integrating device (e.g., a range
gate of fixed width or an automatic gain control (AGC) loop) and recorded its output by
various means (e. g., film, strip chart, or magnetic tape). The combined effect of the
sampling-integrating-recording procedure on the power return differs considerably j
among various systems. Thus, "mean" values t-f go obtained from one system may
not necessarily be directly comparable to "mean" values obtained from another (3).

The specification of the sea surface is also a formidable problem. Sea clutter
is generally a function of surface wind velocity and wave height, which are both time-
dependent variables. The specification of these variables, even as gross averages,

S.. requires considerable efforL, particularly in the case of an airborne radpr measurement
over the open sea. Sinci wind velocity is subject to radical changos within a relatively
short pr-riod of time, it is important to obtain a record of its variation during a radar
recoreting period. On site estimates of the j;zvailing winds and wave heights during a
clutter measurement are a minimum requirement in regard to surface specification.
This informaion is necessary to insure that clutter data taken at different times do * -
indeed apply to similar sea-surface conditions. An experiment designed to measure

-- the effect of incident angle, radar wavelength, and polarization or th value of go must
--. [also specify the gross surface conditions during the operating period.

From July 13, 1965, to July 29, 1965, NRL, in conjunction with the Applied Physics
Laboratory (APL) of Johns Hopkins University, conducted an extensive sea-clutter
measurement program off the coast of Puerto Rico. This location was selected to ob- -
tain data for a wide variety of sea conditions. It is believed that this experiment sac-
ceeded in monitoring the factors discussed above to a greaser extent than any previous

•- 'experiment performed by NRL. -7 i NRL WV-2 instrumented aircraft and the vessel
Laacock Instrumid by .- L were used In this experiment. The NRL 4VR system
operates on four frequencies and alternate vertical and horizontal polarization. A
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common receiving system for each polarization provides virtually simultaneous data on
four wavelengths, which are calibrated In flight. A high sampling rato coupled with
magnetic tape recording produces a permanent pulse-to-pulse record of the aea return.
later, effective Integration is accomplished through In-house digital computer facilities.
The experiment was conducted in the following manner: While the airborne radazr re-
corded sea clutter over an area marked by the position of the oceanographic vessel,
the "PL group gathered sea-surface data in the form of stereophotographs, wave-buoy
measurements, and wind-velocity readings. The vessel was used as one terminal of
the aircraft flight path to provide a reference for the radar data. The radar data could
tUe be correlated with the daily gross variations of local wind velocity and wave height.
In addition to the gross measurements, APL obtained fine-structure surface Information
In the form of ocean wave spectra and wave profiles (4, 5). Theoretical work on the
measurement of ocean wave spectra by a holographic technique is also continuing at
NRtL(6, 71

7Ue sea-surface datta collected by "PL enabled compilations to be made which cctm-
pare the values of a obtained at different polarizations, radar wavelengths, and incident-
angles for equVZ1vae sea conditions. The correlation of the NEL radar results with the

grxdtruth obtained by ALPL provides a large bank of Information on the behavior of the
nomalized radar cross section ao from which both the radar designer and the ocean-

- ograpber may work.

INSTRUMENTATION

* The 4FR pulsed radar and its antenna system have been described in previous re-
- ports (8, 9), so that only a brief description need be given here. The system transmits

in the sequence P ban~d (428 Mfz), X band (8910 Mfz), L band (1228 MHz), and C band
(4455 MHz), alternately (A vertical and horizontal polarization, receiving both the-
vertical and horlmontal component of the return. The transmission and reception se-
quences are diagrammed in Fig. 1, where T equals the basic repetition period. It is
seen that a total of 16 signal amplitude compor.-its are recorded - eight on direct polar-
Izations and eight on the cross polarizations. The labeling convention as shown in Fig. 1
(P., etc.) will be adhered to in this report.

4FR TRANSMISSION SeUECE_

* 4FR RECEPTION SEQUENCE

Fig. I - Pulse train
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A simplified block diagram of the receiving system is shown In Fig. 2. The re- "..
ceiving system consists of four J-f amplifiers (37 MHz) throtgh which all the radars are
multiplexed on a time-share bais. Two of the amplifiers are fed by the horizontally
polarized signal, and two are fed by the vertically polarized signal. One of these is a

logarithmic strip whose output is detected square law and provides a pulse-to-pulse
measure of the amplitude in the range gate. The second of these is a linear strip whose
output is hard clipped to eliminate amplitude fluctuations and provides a measure of
instantaneous signal phase. A similar log-lin pair of recoivers exists for the vertically
polarized returns. The output of each detector is range gated, digitally quantized to 128
levels (seven bits) and recorded on magnetic tape at the pulse repetition rate. Format-
ttag circuitry separates the various 'aquency and polarization2 combinations and assigns

to each a definite position to allow I ;r identification.

EMPtItZOhrAL) LIMITER NiCr, -.

(RECEIVINGC) iUX)G•fIy M[Ir[CE I- IUR-A v MLTD

Fig. 2 - Four-frequency receiving system ,...

The system also features common antennas pointing through 100 degrees of eleva- ,I. ..

tion. The X-band and C-band antennas are par-,•olas mounted side by side in the radome .
on the underside of the aircraft. This pair is mounted back to back with the P-band and •..

(V I

L-bsend crossed dipole antennas. Both antenna pairs are colineax, so that the X and C •
bend illuminate the same area, and, likewise, the P and L band illuminate the same area,
although the P-band beam is larger and actually includes the area Illuminated by the -

L-bsnd beam, The antennas are stabilized in roll and pitch and can sector scan througk:i i...
315 degrees of azimuth and can turn through 100 degrees of elevation. The electrical ] •.•=
characteristics of the antenna and the principal parameters of the radar system are! I

S~~~given in Table 1. The 4FR system allows many choices of prf, pulse length, i-f band- • !
,. width, r'ange-gate width, and antenna angle. The values used for these parameters

during the July program were prf, 788 pps; pulse length, 0. 25 usec; i-f bandwidth, 10 • •....
MHz; range gate width, 50 nsec; antenna elevation angle, 4 to 9 degrees (vertical tnci- .. ..
dence); and antenna, azimuth angie, 0 to 180 degrees. • I " -

The received clutter power is absolutely calibrated by referencing it to the power •
returned from aluminum spheres dropped from the aircraft. The spheres are dropped
singly and manually tracked by the radar. Good estimates of the &phere cross section •

are obtained by recording the backa catter from several spheres for each wavelength.
Since the antenna pairs are concentric, the X-band and C-biand wavelengths are cali-
brated simultaneously, and, likewise, the L-band and P-bend wavelengths are calibrated"----"

V1

I L

S ......-.RE R NC
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simultaneously. Applying the usual radar equation to the sphere signal (1), where the
subscript S denotes the sphere measurement, gives

/ (4,)4 P6 R, . (1)

G2 )? Pis

In the case of sea clutter, the normalized radar cross section is defined by

where A Is te Illuminated area. Then the radar equation for clutter becomes
(41? jt

V9 - R4A. (3)
G. P.A(Pr

The ratio of Eq. 3 to Eq. 2 yields

• Po 21 aý A, (4)

where the peak power transmitted is the same for both measurements. From Eq. 4
the value of ao is *;asfly calculated for a recorded value of received power Pi at a known
range R. The sphere terms in Eq. 4 are determined by the in-flight measurement, and
the illuminated area A is calculated from the geometry of the data run. At small inci-
dent angles the arep is pulse-length limited and is approximated by

A : •. CT/eos8 , (5)

where 0, is the azimuth beamwtdth between half power points, T is the pulse length, and
8 the incident angle. At large angles when the area is beamwtd limited, it is approxi-
mated by

A = R 2 O../in 8, (6)

where o, is the elevation beamwidth between half-power points.

DATA COLLECTION AMfD PROCESSING

A characteristic property of sea clutter is the variation of the radar cross section
RCS with the incident angle. To measure this variation, the following flight plan was
used. The aircraft maintained asteady course in alternate upwind, downwind, and cross-
wind directions, using the surface vessel employed by the APL group as a marker to in-
sure that radar data were collected from the area of oceanographic measurement The
antenna pairs were set at azimuths of 0 and 180 degrees, respectively, and the desired
elevation angle. When the appropriate aircraft heading was attained, with respect to
the Peacock, data recording commenced. The geometry of a typical recording is Uilus-
trated in Fig. 3. Generally, recording was done at three or four different elevation

4 .

a... . ... -'y_ . ... -
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Fig. 3 - Geomestry of a fired-sngil run

angIles during mne run for about 30 seconds per aungle. Thus, it was possible to collect
a representative sampling of clutter at various Incident angles from near grazing (4
degrtees) to normal incidence (90 degrees) in tLA upwind, downwind, and crosswind
directions efficiently.

ginve* radar clutter Is a statistical process, the random return is best described by ..
Its protbal~lty distribution The calculation of the distribti~fon in accomplished through
the use of a general purpose d~gtal computer with magnetic tape input and plotter out-"
p4. The basic outpts ot the processing system a~re plot# of received power (in decibels)
versus time, in terms of the 10%, 50% (median), and 90% percentiles of successive
cusualatve probability distributions. A typical plot is Illustrated In Fig. 4, for one
OCwv) of the 16 amplitude components ordinarily recorded during each run. The data
are intal plotted against an arbitrary decibel scale on the left. This scale is cali-.
brated by the sphere metasurement to provide the values of normaied cross section .
cro. The return is referenced to the oceanographic data, since the position of the
Peacock is marked by the sharp increLaIs in stignal towa~rd the end of the run. To study
ae an a function of other parameters, the median valtu.i of a. was determined from plots,
such as Fig. 4, through the region of interest, usually near the surface vessel. These
values were tabulated on all frequen,.iss and polivizationls for each data run, and the
median value of a. obser-ved over L 20- to SO-sccond ftae Interval. Over 200 data runs"-
we recorded durbig the July 1965 period, with from on@ to sIx Angle settings per run.
With 16 signl amplitude components available for processing, a vast amount of data
has been generated. To keep this report within manageable proportions, only data on
the direct plarizations (L e., VV and 1-1-) will be presented below. Cross-pohw'ized
results rill be presented in a later report.

DATA PRESENTARION

The study of these data revealed the expected variation in a0 with wind direction
at moderate angles, is well as run-to-run differences for ao In the same direction.
While small run-to-run differences may be attributed to receiver stability, larger
effects were due to th- rw•.tstionary nature of the sea surface. ln pa~rticular, the
abort wavelengths (X and C bands) were most sensitive to upwind-downwind-croeswind-""
relations and to short-term fluctuations in the wind velocity. To minimize these
effects, the runs in the u-,wind direction were selected and the value of ao tabulated, p

when available, at each -Angle. These values were those most closely associated with
the gross surface condillons observed for any particular day. From the point of view-
Sof a rua designer, the data to follow provide the most conservative (worst case) esti-

ane of "ea clutter Inr the stated surface cond~itions. These conditions are gross
S estimates of wind vel city and wave height made by observers aboard the Peacock at
Svarious Intervals th, ughout the day. The eat~mates are listed in Table 2 for the July

1965 flights in an at, ar approximating decreasing roughness. The scaze ranges from

- •
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Table 2

Wind Wave Angles
Date Location Velocity Height Sampled Qualav

(knots) (feet) (degrees) O__er_________

July 15, 1965 10 mi N.W. 15-20 ,4-5 4-20 Rain
San Juan 10-15 3-5 30-90 Rain

July 1C, 1965 15 mi N.W. 10-12 3-4 4-45 N
San Juan 10-15 3-4 70-90

July 23, 1965 20 !nl N. W. 8-10 2-3 30-60 Sea "choppy"
San Juan 8-12 4-6 4-20, 70-90 white caps L

"July 22, 1965 20 ml N. W. 10-12 5-7 4-60

San Juan 10-12 3-4 70-90 5-8-ft swells
July 16, 1965 10 mi N.W. 10-12 2-2.5 4-15

San Juan 7-8 2-3 20, 30
8-10 3-4 45-90
15-18 3-4 80 Rain squall

July 21, 1965 20 mi N.W. 8-11 4-6 4 in X andSan Juan Q, 10inL

and P
8-11 3-5 10-90 Gusts to 12

July 20, 1965 15 mi N.W. 7-9 2-3 5-45
San Juan 10-12 2-3 60-90

10-12 2-3 4 (cross-
wind only)

July 29, 1965 off 1-2 1-2 60-90 4
Mayaguez 1-2 1-2 20-60

2-15 2-3 4-60 White caps
July 27, 1965 off 2-3 0.5-1 4-15

Mayaguez 5-8 1-2 and 4-5 15-66 "Confused"!
0-1 0.5-1 60-90 sea-squall

July 28, 1965 off 0-1 0. 5-1 4-18, 60-90 2-ft swells
Mayaguez 3-4 0. 5-1 4, 34 Rain squall

July 27, 1965 off 2-3 0. 5-1 4-20 Natural slicks
Mayaguez 0-1 0. 5-1 60-90

Dec 9, 1964 50 mi east of 12-15 6-10 3-90 Well-
Atlantic City, developed sea

Dec 10, 1964 N.J. 4 2-4 5-90 Natural slicks

I--



fp- :1

t-. --

DALEY, RANSONE, BURKETT, AND DUNCAN

moderately roujh condbtow of up to 20-knot winds and 5- to 7-foot wave heighta to
naanrul slick cooftlons observable on July 27, 1965. Also included in Table 2 are
references to December 1964 data published previously (10). Some of those results
we also included below.

0 0

-tIo

i ~-- to

-- B
-303

50% __4

-- 3

ltjO so 32 46 9 os ?O&M 83.
?1'1 IUltN0S)1

Fig. 4 - Sample median plot. Run 170 was made on July 29, 1965 with
- = Z0 degrees, polarization = VV, and frequency a X.

As is well known, the behavior of v with the angle generally depends on the angular
region in question. Early investigations showed that at small angles there is a "critical"
angle below which a0 decreases rapidly with the angle. At angles higher than the criti-
cal angle, uO Increases slowly until a high angle region is reached, after which a in-
crmses rapidly to its maximum value at 90 degrees. The three angular domains may
simply be called the low-, medium-, and high-angle regions or, more usually, the inter-
forence plateau, and specular regions, indicating the physical phenomena present.
Katin (11) explained the existence of the critical angle in terms of interference between
the direct and reflected ray from the surface-scattering element From the interference
mechanism he deduced that the critical angle is a function of polarization and that It
increses with radar wavelength and decreases as sea roughness increases (2). To ex-
plain the plateau-region behavior of an, KatzIn hypothesized the existence of scattering
elements or "facets." The wavelength dependence of I s then determined by the size
distribution of the facets, and the angular variation of . is determined by the slope dis-
tributlon of the facets. This model accounts for scattering In the three angular regions
and predicts the same frequency dependence ofo at high angles as at low angles.

More recently, the slightly rough scattering theory formulated by Rice (12) has
"been applied to a sea-clutter model. In this theory, the scattering elements are surface
irregularities which are small compared to the radar wavelength. Peake (13) applied
the theory to the electromagnetic backscatter case, and Wright (14) developed a rough

!4
|I
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surface model in which the scattering elements are slightly rough particles of water
riding on longer gravity waves. Predictions based an this model have resulted in good

agreement with measured values of ao for vertical polarization. Valeanuela (15) ex-
tended the theory to second order to show how the tilt of the rough patches with respect
to normal incidences produces polarizaticn effects. The slightly rough theory directly
relates the radar return to the energy spectra of the surface. The predicted wavelength
dependence of a. will then depend on the form of this spect:-um.

DEPENDENCE OF vo ON INCIDENT ANGLE

In accordance with the introduction outlined above, curves of a. versus Incident
angle for each surface condition encountered are given in Figs. 5 to 10 for all wave-
lengths The curves are grouped by polarization and are presented In approximate
order of decreasing sea roughness. Note that July 27, 1965, is given by two curves on
each polarization. This is due to the presence on the surface of natural slick areas.
With the help of the c.ý-slte oceanographic observations, it was possible to discriminat
between two esseetip'.y different ar--as referred to on the plots (FIgs. 7 and 10) as
"rough" and "calm." The rougher area on July 27, 1965, is associated with the con-
ditJons listed in Table 2. The calmer area is a mixture of rough and calm patches on
the surface.

The critical angle is not well defined by the curves because the clutter was sampled
at discrete angles.. However, some qualitative observations are possible. On vertical
polarization, the critical angle is less than 10 degrees for all wavelengths and approxi-
mately independent of sea conditions. On horizontal polarization, the angle increases
with increasing wavelength and occasionally vanishes for the P band on thde calmer days.

StIs also apparent in the long wavelengths that the critical angle increases with
surface roughness. These results are in accord with what Is expected on the basis of
the interference phenomenon; further discussion may be found in the literature (2, 16).

In the specular region, o0 increases rapidly with angle to its maximum at a 90- *......

degree incidence. Comparison of the calm conditions with the rougher conditions shows
the general tendency of ao at 90 degrees to decrea.e wi increasing roughness. Rnw.
ever, the trend is not uniform for each wavelength, as study of Figs. 5 to 10 will show.
It has been suggested by Parks (17) that ao at vertical incidence may be a function of
range, illuminated area, ind antenna gain. I Is believed that future NRL work will
acquire more data at vertical incidence In the hope of verifying one of the existing mod-
els for the 90-degree case.

DEPENDENCE OF SEA CLUTTER ON SEA STATE

To estimate the effect of sea condition on the cross section o*, It is necessary to
select surface parameters which will reflect lncrea..Aig surface rouhess. The gross
measurements of wind velocity and wave height as given in Table 2 will be used as
descriptors of the sea roughness. Figures 11 and 12 show a. as a function of average
wind velocity and wave height for two angles (20 and 30 degrees) in the plateau region.
For horizontal polarization, the more uniform Increase of ro with wind rather than wave
height indicates that this polarization is more sensitive to wind velocity. The plot '0
versus wave height in Fig. 11 shows peaks which correspond to higher wind velocity.
On vertical polarization, the return appears less sensitive to surface changes until
calmer conditions are reached.

'-.
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pTh. e•i.enzh depen.1,nee of ao a.peare to be a function of the polarization. On
Shorlzotk3 Irt'at the trend in approximated by orc1 (X) > v0 (C) > g(L) > vo(P), whilE

- .' rt.s porization this trend is absent. On vertical polarization the longer wave-
lengths prodcr- a subst.ntially larger return at calmer ea statol.

DRF ENCE OF SEA CLUTTER ON POLARMZATION

The relationship vi cra to polarization is conveniently expressed by the direct polari-
zation ratio o (VVI)/o (11H) simply calculated In decibels by ao (VV) - e. (HE). Figures
13 to 15 are plots d this parameter versus Incident angle for each sea condition. The
ratio is a functdon of Incident angle, having a tendency to decrease at grazing and high-
angle regions. I Is also apparent that in the plateau region the polarization ratio is
directly proportional to wavelength and inversely proportional to roughness. Figure
16 depicts this trend to polarization independence (0-dB ratio) as surface roughness
bura-ses. The downward trend on the X and C bands Ia seen to be more uniform as a
tinctim of wind velocity, Indicating that this is the controiling factor for short wave-
engths. The long wavelengths still show significant values for the roughest conditions

encountered. For comparison purposes, a curve of VW/HH versus angle was computed
for each wavelength representing the average of the four roughest days measured at
Puerto Mm Figure 17 gives this curve and compares it with data for rough and
calmer conditions. This plot shows the decrease with surface roughness and a tend-
ency to slightly negative values in the 70- to 90-degree region. In general, the data
at Fig. 17 a" in good agreement with past results (18, 19).

DEPENDENCE OF SEA CLUTTER ON WAVELENGTH

On vertical polarization, there is not a significant difference between wavelengths
for the rougher sm conditions. To reduce the statistical scater inherent in each
measurement, averages of the oe versus angle curves were calculated for the four
roughest conditions, the four next roughest conditions, and the four calmest conditions.
The results are given in Figs. 18 and 19. The graphs in Fig. 18 clearly indicate that

Ios in iependent of wavelength for vertical polarization in the plateau reg" ti,;r thz!
two roughest sea conditons. The scatter between points is no more than would be ex-
pected due to wind variations. The calmest days, however, show smaller values of
a. for the short wavelengths and reflect the presence of natural slick areas.

The corresponding averages for horizontal polarization are plotted in Fig. 19. A
defirite trend is observable on hoerizontal polarization, the short wavelengths being
consistently higher in the plateau region. A median curve drawn through the plotted
points effectively separates the X- and C-tbnd values from the L- and P-band values.
The plot of the calmer condition also indicates the critical-angle dependence, as L and
P decrease mare rapidly with angle and are no lomge,- measurable at 4 degrees.

Inritired in Figs. 18 and 19 are the theoretical curves predicted from sliohty rough
scattering theory. The theory assumes a fully developed sea with a Phillips-Burling
e Igy spectrum and provides good agreement with the vertically polarized return. A
replot of the averaged go in Figs. 18 and 19, as a function of angle in Fig. 20, shows tha
the wav"!eengti dt-cndence is maintained over the plateau and specular regions, a result
predicted b7 the facet model.

Best Available ConpY
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Table 3
Variation of Receiver Stability Level

D Receiver varit, (Saity) (d)
IT C I_ 1 9

July 15 # *1 *3 *1 *1 *0.5 *1.5 *1
July-16 *0. 5 *. 5 *0. 5 A. 5 *0.5 *0.5 *L5 15 . 5

July 19 *1 *0 5 *2 *1 *1 *1 *1 *1

July20 *0.25 *0.25 *0.25 *0.25 A0.25 A0.25 A.5 *2

July21 0.5 L. 5 *1 *0. 5 *A.5 *0. 5 A0.5 *i5

July 22 *1 . 5 *1 *0. 25 0.25 *0. 5 A .5 *1

July 23 0. 5 *0.5 *0. 5 O. 5 . 5 0. 5 *3 0. 5

July 27 •.05 *0.5 A .5 *1 *1 A0.5 *2 *2

July 2q - *0. 5 *0. 5 - *1 *0. 25 - -

July2•9 . 5 A0.5 *05 5 5 0. .5 A.5 * 0.5

Doe__ * *1 *1 - - - - -Doc 10 *1 11 1*1 . . . ..1 1

SYSTEM LIM1TATIONS

There are two basic errors in thfo e-panurement system: (a) receiver stability and
(b) the measurement of the sphere. The receiver stability is monitored by recording an
arbitrary reference level periodically through the day. The varied- of this leveJ is
given (in decibels) in Table 3 for all components on each flight. The table shows that the
receiving system is essentially steady. The sphere measurement possesses an uncer-
tainty due to the variation of illumination of the sphere signal in the center of the beam.
This uncertainty is minimized by recording several spheres on each frequency and is believe
believed to be within 0 to 2 dB. When this uncertainty is combined with the statistical
scatter of the sphere return around a range-4 slope, the result is an estimate of the
limits of error of the sphere measurement (i.e., the absolute calibration). These esti-
mates are listed for each component in Table 4.

However, the parameter under consideration determines which of the two basic
errors (or both) are present. An absolute value of a0 for a given component would In-
volve both sources of error. However, a polarization ratio would essentially cancel the
sphere uncertainty as would frequency ratios of L/P or X/C, since the Iphere measure-
ments are made sImultaneGo.,,n each frequency pair. In view a the scmter Inherent
in any measurement of ao due simply to the nonstatioary character o s ed a surface,
it is believed that the system accuracy represented in Tables 3 and 4 is sufficient to
support the conclusions drawn in this report.

_ _ _ _ _ _ _ _ _ _ _

I I i~ ~i~lII_ _ _ ILiSl IdIi ........
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Table 4

Xstimates of the LUmits of Sphere MeasuremeAu Xror

Sphere Measurement Error
D XV XH CV CH LV H FV PH

July 15 *1 None *1 *1 *1 *1 *1 Al
July 16 *1 None *1 *1 *1 *1. | *1

July 19 *1 *1 *1 *1 *1 *1 *1 *1
July 20 *1 *1 *1 *1 *1. 5 *1 i *1.5

July21 *1.5 +1.5 *1 *1 *1 *1 *1 *1

July 22 *2 *1 *1 *1 *1. 5 *2 *1 *1
July 23 *1 *1.5 *1 *1 *1 *1 *1 *1

July 27 *1 *1 *1 *1 *1 *1.5 *1 *1

July 28 None *1 *1 None +1.5 *1.5 Noae None

July 29 *2 *2 *2.5 *1 *1.5 *1.5 *1.1 *1.5

Dec 9 *1 *1 *1 None

Dec 10 *1 *1 *1 None -

CONCLUSIONS

The initial processing and analysis of radar backscatter data, recorded ofn the coast
of Puerto Rico in July 1965, have been completed at NR11 Rader retrns were collected
nearly simultaneously on four frequencies on both linear and cross polarizations. The
data were processed to obtain the normalized radar cross section (Y, cd the sea surface
as a function of various parameters. The study of the behavior of the median value of

a0 a a function of Ute radar parameters and the sea conditions resulted in the following
conclusions:

L The critical angle appears to be independent of sea conditians and radar wave-
length for vertical polarization but is a function of both for horizontal polarization.

2. The value of a0 increases with wind velocity and wave height, with the hort-
zontal polarization case being more sensitive to wind velocity.

3. The polarization ratio decreases with increasing surface rougbness and Is a
function of wavelength.

4. As surface roughness increases, the value of ao becomes Independent of wave-
length for vertical polarization but maintains an inverse wavelength delendence (r,'
)r2) for horizontal polarization.

I
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A -. ,• " ccndIt~cns covered by the above data are present roughly 60% of the
t:ý-%ý G, : r k'• !-. o0 tle; world, there Is reason to measure te behatvior of sea clutter
for rom,,er sura•ce conditions. Present theory indicates that wind relations will vanish,
&o n:r' ! !:;,tr, rpLio will apj-'zoch urity on all frequencies, ard the value of ao in the
Sp~xt : ;ic•. wiU a•yrcah a sataraton point. R is most desirable to Insure that the
worst-case clutter conditions have been determined. The collection of clutter data at
V, :- t vA. sea states will be attemrp t ed in January and February 1969 In the

ti W At.x %t,- C•cc•n by the NRL Wave Propagation Branch.

r

II

g' !

.-- t .-



REFERENCES

L. Kerr, D. E., ed., "Propagation of Shcrt P'ao Wave3," MIT RA'.A Lab. Series,
York.McGraw-HI1l, VoL 13, p. 481, 1951

2. Long, MW., Wetherington, R.D., Edwards, J. L., and Abelung, A. k%, "W* ve"I1eth
Dependence of Sea Echo," Final Report Project A-840, Eng. Exp. Station, Georgr
Tech., July 15, 1965

3. Wilkerson, M. T., and Woreley, P. K. "Introductory Notes on the Measurement aztd
Analysis of Radar Signatures," TRW Systems, June 10, 1963 - Contract #SSI0-VA1-
KC4-000

4. Dobson, E. B., "Reduction ct Data Collected During July 1965 Wave Gauge Expert-
ment in Puerto Rico," APL Memo BPt)06U-3, Mar. 9, 1966

5. Dobson, E. B., "Reduction and Analysis of Data from the Ocean Surface Obtained by
Stereo-Photography," APL Memo BPD67U-19, Aug. 7, 1967

6. Stilwell, D., "Energy Spectr, ot the ha from Photographs," 4th U. B. Navy Sym-
posium on Military Oceanography, Wu•lwto, D. C. , Proc. Vol., 1 p. 171,
Apr. 3-5, 19r7

7. BUvll,1 D. , 'It~rectional Energy Spectra u; 1:e Sem from Phtgah, " Journal
of G.eophysical Resarch (to be published)

8. Guinard, X. W., R~anson, J. T., Jr., Latra. U. B., Hearton, L. IL, ";RL Terrain

Clutter Study, Mrs 4," NRL Report 648, Ma 10, 1967

9. Daey, 3. r. , "Airborne Rada Backscatt-, - tudy e't Four Frequencies,"' NR Letter
Report 5270-20A:JCD:bjg Bar 8500, Aug. $3, 1966

10. Daley, J.C., "Sea Clutter Measurements at X and C Ba"r4 NLLetter Report

5270-18A:JCD:bjg Ber 7287, Aug. 17, 1966

I1L Kab•n, M., "On the Mechanisms of Radar Sea Clutter," Proc. IRK 45:44-54 (1957)

1 Rice, B.G., "Reflection at Elactronagetic Waves from Slightly Rough Surfaces,"
Comm. Pure and Appl. Math. 4:351 (1951)

It, Peake, W. H. "Theory of Radar Return from Terrain," WR Nat. Cony. Record
(Part 1) 7:27 (1959)0

14, Wright, J. W., "A New Model for Sea Clutter," IEEE Trans. for Ant, and Prop.
AP-16 (No, 2):217-223 (1968)

15. Valenzuela, G. R., "Depolarization of EM Waves by Slightly Rough Surfaces' IEEE
Trans. In Ant. and Prop. Vol. AP-I5, No. 4 P552-557, July 1967

16. Durlach, N. L, "Influence of the Earth's Surface on Radar," MIT Lincoln Lab.
Tech. Report 373, Jan. 18, 1965

(I
- --- !.-------



42 DALLY, RANSONE, BURKETT, AND DUNCAN

17. Purks, J. K s"Toward a Simple Mathematical Model for Microwave Backacatter
from the Sea Surface at NeW-Vertical Incidence," IEEE Trans. on Ant. and Prop.

15. Ma3fotald, F. C., "Radar Sea Return and Ocoa Wave Spectra," Proc. of Conf. an
. Wave Oectri, Englewood CIIffs:Prentice-Hall, p. 323-329, 1963

19. Macdonald, F. C., "Sea Clutter at X and L Bands, " Unclassified Report In Classi-
fied Sytympr41 Record, Univ. of Mich., Feb. 7-9, 1956

ia.

--- _Best Available CO

I -



set c kDOCUMENT CONTROL DATA R & P
(SffW~I .I.,.illd,.io. ,1f titi., bo es .16.0-t *.b e, ..d Ii-djn _. • h. . ,. -bh, - th. .- "[.!I _ f is 't .. I#• f

1. on'G.NA TfNG AC 11 V1 f V Al4g•N eL/POftY " SCUmI r CLA R,1,CA 1`40

A~fl~VV C~paE.~ )~ ~'Unclassified
Naval Research Laboratory
Washington, D. C. 20390

a. ftKPOmT TIYLE

SEA-CLUTTER MEASUREMENTS ON FOUR FREQUENCIES

A. O9SCRTI|VE ,OTIZS (Tp. #J .wpft td Irnhp* dýt..)

Interim report; work is continuing on the problem

John C. Daley, John T. Ransone, Jr., Joseph A. Burkett, and James R. Duncan

4. M~oor MAe 7L TOTAL No. or #Pa~rg5 "i.. OF ""PsNovember 29, 1968 946 1
•, COWTRACT O0 GRANT 40. &L OtO0MATOI'll RIEPORT Nf4UMOSER141

NRL Problem R02-37 NRL Report 6806

A31-533/652/69R008-01-020

OVH-P RPtRat? NOMS (A.W V.4~rX"*tV Woimw Aw .. 51.E 31

S0. OSITRN|UIUTOSS•TAE~kitNTI

This do.ument is subject to special export controls and eac... ransmittal to foreign nationals
may be made only with prior approval of the Director, Naval Research Laboratory,
Washington, D. C. 20390.
It. SUPPL"I[ENTAAY MOTES t2. S•ONSOCNING mil1 TARr ACTIVITy

Department of the Navy (Naval Air Systems
Command), Washington, D. C. 20360

)-. The inLtial processing and analysis of radar backscatter data, recorded off the coast of
San Juan, Puerto Rico, in July 1965, have been completed.-) This data constituted part of a study "
conducted in conjunction with the Applied Physics Laboratory (APL) of Johns Hopkins University
to determine the scattering mechanism involved in the generation of sea clutter. The NRL WV-2
instrumented aircraft with Its four-frequency, pulsed radar system and a surface vessel
equipped and staffed by APL to gather sea-surface data in the form of stereophotographs and "
wave-buoy measurements were used in this experiment.

-iRadar returns were collected nearly simultaneously on four frequencies: 428 MHz, 1228
MHz, 4455 MHz, 8910 MHz, for both linear and cross polarizations. The data were processed
to obtain the normalized radar cross sec~ion4 of the sea surface as a function of various
parameters. In particular, the behavior of the median value of the cross sectiong•/was in-
vestigated as a function of wind direction, incident angle, polarization, radar wavelength, and
gross surface conditions of wind velocity and wave height. Results are given for the upwind
direction and the linear polarization (vertical and horizontal). The polarizatir'- ratio is shownto decrease with increas~ng sea roughness and to be a function of rpdar wavelength. As surfaceI '
roughness increases, g.becomes independent of wavelength for vertical polarization but main-

tains an inverse wavelength dependence for horizontal polarization. The results given provide
estimates of pg as a function of the above parameters over an angular range of 4 to 90 degrees

(vertical incidence) and from calm sea conditions to moderately rough conditions characterized
by 5- to 7-foot wave helsb•s and 10- to 20-knot winds. , .
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